Interneurons are extremely diverse in the mammalian brain and provide an essential balance for functional neural circuitry. The vast majority of murine cortical interneurons are generated in the subpallium and migrate tangentially over a long distance to acquire their final positions. By using a mouse line with a deletion of the Celsr3 (Flamingo, or Fmi1) gene and a knock-in of the green fluorescent protein reporter, we find that Celsr3, a member of the nonclustered protocadherin (Pcdh) family, is predominantly expressed in the cortical interneurons in adults and in the interneuron germinal zones in embryos. We show that Celsr3 is crucial for interneuron migration in the developing mouse forebrain. Specifically, in Celsr3 knockout mice, calretininpositive interneurons are reduced in the developing neocortex, accumulated in the corticostriatal boundary, and increased in the striatum. Moreover, the laminar distribution of cortical calbindin-positive cells is altered. Finally, we found that expression patterns of NRG1 (neuregulin-1) and its receptor ErbB4, which are essential for interneuron migration, are changed in Celsr3 mutants. These results demonstrate that the protocadherin Celsr3 gene is essential for both tangential and radial interneuron migrations in a class-specific manner.
Cadherins are a superfamily of calcium-binding cell adhesion glycoproteins that are crucial for embryonic neural morphogenesis and adult neuronal connectivity (21, 42) . Members of the cadherin (cdh) family have been shown to play important roles in neural development and function, such as neurulation, dendritic morphogenesis, axon pathfinding, and synaptic target recognition and plasticity (6) . Based on the neural functions and genomic mapping of cadherins, a cadherin hypothesis for neuropsychiatric diseases has been proposed (64) . The mammalian cadherin superfamily contains more than 100 diverse members that include classic cadherins, desmosomal cadherins, and protocadherins (Pcdh). The Pcdh genes constitute the largest subfamily of cadherins and include about 60 clustered and 20 nonclustered genes (21, 61) .
The mammalian cadherin, EGF LAG seven-pass G-type receptors 1 to 3 (Celsr1-3) are an unusual class of nonclustered Pcdh genes (15, 20, 38, 48, 60) . The molecular structures of the encoded CELSR proteins are unique in that they contain seven transmembrane domains characteristic of secretin receptortype G-protein-coupled receptors. In addition, their extracellular domains contain nine cadherin ectodomains, and several EGF as well as laminin A-G motifs (Fig. 1A) (20, 60) . These mammalian Celsr genes are homologs of the Drosophila protocadherin Flamingo (Fmi) gene which functions in three distinct developmental pathways, including planar cell polarity (PCP) (51) , dendritic field maturation (18) , and axonal development (51) . These functions are thought to be accomplished by mammalian Celsr1 (Fmi2), Celsr2, and Celsr3 (Fmi1), respectively (47) . First, inactivation of Celsr1 in mice impairs the characteristic planar arrangements of hair cells in the inner ear (11) . In addition, the zebrafish Celsr1 mediates polarized rearrangements during convergence and extension of gastrulation, a process related to PCP (16) . Second, RNA interference knockdown of Celsr2 results in dendritic simplification in vitro (40) . Finally, Celsr3 has recently been shown to be crucial for axonal tract development in mice (47, 65) .
Here, we report a novel function of Pcdh Celsr3 in interneuron migration in the developing mouse forebrain. Using a new mouse gene-targeting allele of Celsr3 knockout with an enhanced green fluorescent protein (eGFP) reporter, we first found that Celsr3 is prominently expressed in the interneuron germinal zones of the ventral telencephalon and in the postnatal and adult cortical GABAergic (where GABA is ␥-aminobutyric acid) interneurons. Second, we discovered that many calretinin-positive (CR ϩ ) cells accumulate at the corticostriatal boundary and that fewer CR ϩ cells migrate into the neocortex. Third, we showed that the laminar patterns of calbindin-positive (CB ϩ ) interneuron class within the developing neocortex are changed in the Celsr3 mutant mice. Finally, we demonstrated that expression patterns of neuregulin-1 (NRG1) and its receptor ErbB4 are altered in Celsr3 mutants. These results suggest that Celsr3 regulates both the tangential and radial migrations of the GABAergic interneurons in vivo in a class-specific manner in the mouse telencephalon.
MATERIALS AND METHODS
Mutant mice. The detailed protocol for generating the Celsr3 mutant mice was described in our recent publication (62) . Genotyping was performed by PCR with the following primers: CCCCCTGAACCTGAAACATAAAATG, ACTTCA GCACTGCACCCGACTTAC, and GCCCTGCGAGAACTACATGAAATG. Ex-anti-NRG1 antibody (1:500; Abcam) at 4°C, washed with Tris-buffered saline, and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:10,000; Bio-Rad). Signal was detected with an Immun-Star HRP chemiluminescent kit (Bio-Rad). Quantification was done using the NIH ImageJ software (version 1.38) .
In situ hybridization. We performed the in situ hybridization as described previously (66) . Briefly, brains from E15.5 embryos were fixed in 4% PFA with 2 mM EGTA at 4°C overnight. After being cryoprotected in 30% sucrose, brains were embedded in optimal cutting temperature compound and sectioned at 12 m. Sections were collected onto the Superfrost slides and pretreated with 4% PFA for 10 min, 1 g/ml proteinase K for 5 min, acetic anhydride for 10 min, and 1% Triton X-100 for 30 min. Sections were then prehybridized in the hybridization buffer (50% formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5ϫ Denhart's, 250 g/ml Saccharomyces cerevisiae tRNA, and 500 g/ml herring sperm DNA) for 2 h at room temperature, followed by hybridization with RNA probes (1 g/ml) at 60°C overnight. Sections were washed in 0.2ϫ SSC at 60°C for 1.5 h, blocked in 10% sheep serum, and incubated with the alkaline phosphatase-conjugated sheep antidigoxigenin antibody (1:5,000; Roche) at 4°C overnight. After the washing and equilibration, sections were incubated with the alkaline phosphatase substrate BM purple (Roche). The plasmids for the Sema3A, Sema3F, Npn1, and Npn2 probes (43) were kindly provided by Tamamaki (Kumamoto University, Japan). The ErbB4 template (nucleotides 239 to 840 of NM_010154) was amplified by reverse transcription-PCR, cloned into the pCRII-TOPO vector, and sequenced. All probes were synthesized using an in vitro transcription kit from Roche.
In vitro cell migration assay. Germinal zones of the medial ganglionic eminence (MGE) and CGE from the E14.5 Celsr3 mutant and control littermates were embedded in Matrigel (BD Biosciences) and cultured in minimal essential medium with 10% fetal bovine serum for 48 h. Migration at 2 days in vitro was quantified as described previously (32) .
Primary neuronal culture. For in vitro differentiation of interneurons, we followed a published protocol (63) . Briefly, brains from P0 Celsr3 Ϫ/Ϫ or Celsr3
littermates were isolated in Hanks' balanced buffer and coronally cut into 500-m slices. Neocortex was dissected, cut into small pieces, and digested in 0.25% trypsin solution for 15 min at 37°C. Tissues were then gently triturated in plating medium (minimal essential medium, 10% fetal bovine serum, 1 mM glutamine, 10 mM HEPES, pH 7.3). After the cell density was determined with a hematometer, neurons were plated at a density of 2,000/mm 2 onto Permanox eight-well plastic culture plates (Nunc) precoated with polylysine (100 g/ml) and laminin (5 g/ml). Half of the medium was replaced with the neurobasal/B27 medium (Invitrogen) containing 10 ng/ml fibroblast growth factor 2 (Promega) the next day and every other following day. At 26 days in vitro cells were fixed in 4% PFA at 4°C for 20 min and subjected to CR, CB, SST, and GABA immunostaining. The CR-, CB-, and SST-positive (SST ϩ ) cells were counted at magnifications of ϫ100 and normalized with the GABA cell numbers. The difference between mutants and controls (five wells; n ϭ 3 animals) was assessed using a two-tailed Student's t test.
Imaging and quantification. All images were taken using a Zeiss Axioskop fluorescent microscope equipped with a charge-coupled-device camera. All cell counting was conducted on ϫ200 (striatal CR ϩ and cortical CR ϩ or CB ϩ cells) or ϫ400 (olfactory bulb CR ϩ cells) images with the ImageJ software. Since there is intense CR staining of thalamocortical axons in the subplate (SP) in the controls, we counted only the cells in the subventricular zone (SVZ). In the striatum, we counted only the CR ϩ cells at the dorsal striatum where fiber staining is much less and where distinct CR ϩ cells can be easily identified. For cortical CB ϩ cells counting, we divided the neocortex from marginal zone (MZ) to SP into seven even bins (1). CB ϩ cells were then counted in each bin. A
FIG. 1.
Celsr3 expression patterns in adult interneurons and embryonic germinal zones. (A) Schematic of the Celsr3 mutant allele and the DNA blot confirmation. The eGFP reporter was fused in-frame with the first four amino acids and concurrently replaced exons 1 and 2. This introduced a transcription-termination site and a stop codon of eGFP in the Celsr3 locus, ensuring a null allele. S, signal peptide; GPS, G-protein-coupled receptor proteolytic site; H, hormone receptor domain; LG, laminin-A globular domain; 1-9, 9 cadherin ectodomains; 1-8, eight EGF-like motifs; 7-TM, seven transmembrane segments; WT, wild type; Mut, mutant. 
RESULTS
Generation of a null allele of Celsr3 with a knock-in eGFP reporter. The mammalian Pcdh Celsr genes have a characteristic genomic organization with 35 exons, of which the first exon is very large and encodes all of the nine ectodomains (Fig.  1A) (60) . We inserted an eGFP reporter in the endogenous chromosomal environment under the control of the Celsr3 transcription and translational signals, replacing the first two exons with a transcription termination site (Fig. 1A) (62) . The homozygotes of this Celsr3 null allele die within several hours after birth, similar to results with a reported allele that deletes exons 19 to 27 and produces mRNA products by splicing the first 18 exons to the frame-shifted exon 28, potentially encoding a secreted protein of 2,262 amino acids with no transmembrane domain (47) .
Nissl staining and neurofilament 165 immunostaining confirmed the abnormal gross anatomy of the mutant brain, including the dilation of the lateral ventricle, the shrinkage of the striatum, the thinning of the cerebral wall, and the lack of several major axonal tracts (data not shown) (47) . Since a permissive corridor in the ventral telencephalon is required for thalamocortical axonal pathfinding (25), we immunostained the corridor cells with the marker Islet-1 and found no differences between mutants and controls (data not shown), suggesting no defects in the axonal pathfinding corridor. Finally, we identified two new axonal defects: abnormal axonal fasciculation in the globus pallidus (GP) and aberrant mesencephalic dopaminergic projections to the ventral surface of telencephalon (data not shown).
Celsr3 expression pattern in the adult and developing brain. We examined the expression patterns of the Celsr3 gene by immunofluorescent staining with an anti-eGFP antibody because no green fluorescent signals can be observed directly. Interestingly, Celsr3 is expressed in scattered populations of cells in various adult forebrain regions including the olfactory bulb, cerebral cortex, hippocampus, and striatum ( Fig. 1B to  E ). In addition, it is also predominantly expressed in the GABAergic Purkinje cells of the cerebellum (Fig. 1F) . These results suggest that, in the adult brain, Celsr3 is prominently expressed in GABAergic-inhibitory neurons. Colabeling with GABA revealed that, in the adult neocortex, Celsr3-GFP and GABA are coexpressed (553 GFP-positive out of 593 GABAergic cells) (Fig. 1H to J) . In addition, colabeling with neurochemical markers PV, CR, or SST demonstrated that Celsr3 is expressed in all three interneuron classes in the adult neocortex (data not shown). However, there is a small fraction of cells in the adult neocortex that are GFP positive but GABA negative (Fig. 1J) , suggesting potential additional functions of Celsr3 proteins in non-GABAergic brain cells.
In embryos, Celsr3 is ubiquitously expressed throughout dorsal and ventral telencephalon ( Fig. 1K to R; also data not shown). Consistent with previous in situ data (49) , Celsr3 is, however, predominantly expressed in the progenitor and mantle zones of the ganglionic eminences (GEs, including the lateral GE [ LGE], MGE, and CGE) at E13.5 and E14.5 ( Fig.  1K and O), especially in the interganglionic sulcus between
LGE and MGE (Fig. 1L ). These subpallial progenitor zones generate interneuron precursors that tangentially migrate into the developing neocortex (2, 3, 7, 24, 32, 56, 63) . In the dorsal telencephalon, Celsr3 is expressed throughout all layers, but the signal appears to be stronger in the MZ, SP, SVZ, and ventricular zone (VZ) (Fig. 1K , M, and Q). Interestingly, these zones are the major cortical layers in which ventrally born interneurons tangentially migrate within the developing neocortex (3, 4, 24, 45, 57) . Together, these results suggest that Celsr3 plays a role in cortical interneuron development.
To determine whether Celsr3 is expressed in the migrating immature interneurons, we costained embryonic sections with the interneuron marker of calcium-binding proteins CR or CB. Unfortunately, due to the diffuse signals of Celsr3 at embryonic stages, we cannot conclude whether Celsr3 colocalizes with CR or CB. In the postnatal forebrain, the characteristic scattered expression pattern of Celsr3 emerges around P3 and becomes apparent by P7 (data not shown). Thus, the Celsr3 expression in the interneurons is gradually upregulated during development.
Decrease of CR ؉ cells in the developing neocortex of Celsr3 mutants. The majority of cortical interneurons can be divided into several largely nonoverlapping classes according to their neurochemical markers such as PV-positive (PV ϩ ), CR ϩ , and SST ϩ cells (19) . Recent studies revealed that distinct interneuron classes have different origins in the subpallium. Specifically, the PV ϩ interneuron class originates from the MGE (7, 57, 63) while the CR ϩ interneuron class originates from the CGE (7, 63) . The PV and SST are not expressed in cortical interneurons of the embryonic mice (3, 63) ; however, CR is expressed in immature interneurons at embryonic stages (12, 23, 27, 53) .
To investigate whether there is any defect of interneuron development in the Celsr3 mutants, we immunostained neocortical sections with a CR antibody. At E18.5 and E17.5 cortices, the CR staining is mostly enriched in the MZ, SP, and SVZ ( Fig. 2) . CR ϩ cells in the MZ are Cajal-Retzius cells (12) . There is no obvious difference of CR ϩ cells in the MZ between mutants and controls ( Fig. 2) . CR ϩ cells in the SP and SVZ are GABAergic immature interneurons (12) , and their numbers are reduced in the mutants compared to controls ( Fig. 2A to D, AЈ to DЈ, F to I, and FЈ to IЈ). Because SP contains massive staining of axonal fibers that mask CR ϩ cells in control sections, we quantified CR ϩ cells in the SVZ only. We found a significant decrease of CR ϩ cells at rostral, middle, and caudal levels in the mutant SVZ ( Fig. 2E and J). To determine whether this phenotype is caused by increased apoptosis, we performed both the terminal uridine deoxynucleotidyltransferase-mediated dUTP nick end labeling assay and activated caspase 3 immunostaining. We found that there is no increase of apoptotic cells in the mutant neocortical SVZ or in the germinal zones of the subpallium (data not shown). Thus, the decrease in CR ϩ cells in the neocortical SVZ likely results from the defects of their migration from subpallium. These results suggested that Celsr3 plays an important role in the development of the CR ϩ interneuron class. striking accumulation of CR ϩ cells at the corticostriatal boundary throughout rostral to caudal levels in the E18.5 Celsr3 mutants (Fig. 3A to D and AЈ to DЈ). These accumulated CR ϩ cells have the characteristic morphology of migratory interneurons with an elongated cell body, a long branched or unbranched leading process, and a short trailing process (2, 4, 24, 35, 45) . Their leading processes point to multiple directions including dorsomedial, ventrolateral, and dorsolateral. Based on their morphology, these accumulated CR ϩ cells appear to be migrating in many directions, among which the dorsomedially oriented CR ϩ cells are the most common (44% out of the 154 quantified cells) ( Fig. 3D and DЈ) . In addition, staining of sagittal sections (Fig. 4A to D and AЈ to DЈ) revealed accumulated CR ϩ cells at the corticostriatal boundary with rostrally or caudally oriented leading processes (Fig. 4E) , suggesting that these CR ϩ cells are rostrally and caudally migrating interneurons (out of 54 quantified cells, 74% oriented rostrally, and 26% oriented caudally) (Fig. 4) . Because the corticostriatal boundary is the crucial turning point for tangential migratory interneurons to populate neocortex, these results strongly suggest that Celsr3 is required for tangential migration of CR ϩ cells from CGE to neocortex in vivo. At E17.5, there are also large numbers of CR ϩ cells accumulated at the corticostriatal boundary ( ( Fig. 3J and JЈ) . However, the accumulation of CR ϩ cells at the corticostriatal boundary is less pronounced than that at E18.5 (Fig. 3D , DЈ, J, and JЈ).
Accumulation of CR
Increase of CR ؉ interneurons in the developing striatum of Celsr3 mutants. Striatal interneurons are also generated in the progenitor zone of the subpallium and tangentially migrate into the developing striatum (27) . We analyzed the striatal CR ϩ interneurons and found an increase in CR ϩ cells in the striatum of the E18.5 and E17.5 mutants (Fig. 3A to C, AЈ to CЈ, E, EЈ, G to I, GЈ to IЈ, K, and KЈ). The most obvious phenotype of striatal CR staining is the absence of thalamocortical fibers in the mutant. Because of the massive CR staining of the thalamocortical fibers in the ventral part of the striatum in the control mice, we performed a quantitative analysis of only the CR ϩ cells in the dorsal part of the striatum where the fiber signals are sparse and CR ϩ interneurons are recognizable. The results demonstrated that the CR ϩ cell density is significantly increased at rostral, middle, and caudal levels of the Celsr3 mutant dorsal striatum at both E18.5 and E17.5 ( Fig. 3F and L) .
To investigate the onset of the tangential migration defects of CR ϩ cells, we stained brain sections at earlier developmental stages. At E13.5, there is no obvious difference in CR ϩ cell numbers in pallium, subpallium, and the corticostriatal boundary between mutants and controls ( Fig. 5A to D and AЈ to DЈ). At E15.5, there is also no significant difference in CR ϩ cells in the neocortex; however, there appear to be more CR ϩ cells in the mutant striatum and corticostriatal boundary than in the control (Fig. 5E to H and EЈ to HЈ). In addition, based on the direction of the leading processes, we observed that, at the corticostriatal boundary, there are many immature CR ϩ cells migrating from the CGE into neocortex in both mutants and controls at E15.5 (data not shown). have the leading process oriented dorsomedially (160 out of the 212 CR ϩ cells quantified) away from the corticostriatal boundary.
Since the corticostriatal boundary is also important for the rostral migration stream and the lateral cortical stream (8, 41), we performed CR staining of the E18.5 olfactory bulb and basal telencephalic limbic system. Quantification of the CR ϩ cells of the olfactory bulb and piriform cortex revealed no significant differences between mutants and controls (data not shown). However, we cannot rule out that some of the accumulated CR ϩ cells at the corticostriatal boundary migrate to other brain regions, nor can we rule out that not all accumulated CR ϩ cells are from the CGE and destined to the neocortex.
Impaired layering distribution of CB ؉ cells within the Celsr3 mutant neocortex. To address whether other classes of GABAergic interneurons also have migration defects, we stained embryonic brain sections with an antibody against CB, a well-established and widely used GABAergic cortical interneuron marker at embryonic stages (2, 4, 24, 34) . At E18.5, CB ϩ cells are prominent in the middle tiers of the cortical ribbon of the control mice ( Fig. 6A and B) (1, 17) . However, CB ϩ cells are prominent in the inner tiers of the mutant neocortex in both sagittal and coronal E18.5 sections (Fig. 6AЈ  and BЈ) , suggesting a layering defect of the cortical CB ϩ cells throughout the rostral to caudal and lateral to dorsal levels of the developing neocortex. To facilitate the laminar analysis of the CB ϩ cells in the developing neocortex where the layer identification is not clear at this stage, we divided it into seven bins (17) . In controls, CB and DAPI colabeling showed that CB ϩ cells are concentrated in bins 3 and 4 ( Fig. 6C, D , E, I, and J), which roughly corresponds to the inner half of cortical plate and layer V, respectively, while in mutants the signal is more evenly distributed between bins 3 and 7 (Fig. 6CЈ , DЈ, EЈ, I, and J). Quantitative analysis revealed that there are significant differences of the percentage of cells in bin 3 (inner half of the cortical plate) and bins 6 and 7 (inner half of layer VI and SP) at both rostral and caudal levels ( Fig. 6I and J) . In summary, these results suggest that Celsr3 plays a role in the radial migration of cortical CB ϩ interneurons in vivo. In contrast to CR ϩ cells, there is no accumulation of CB ϩ cells at the corticostriatal boundary of the Celsr3 mutants (Fig.  6B , BЈ, F, and FЈ). In addition, the total numbers of CB ϩ cells in the neocortex are similar between mutants and controls (data not shown). Therefore, there appear no defects of tangential migration of CB ϩ cells from the subpallium to the pallium.
To investigate the time course of the radial migration defects of CB ϩ cells in vivo, we studied their distribution at different embryonic stages. At E13.5 and E15.5, the distribution of cor- tical CB ϩ cells appears normal (Fig. 7A , AЈ, B, BЈ, E, EЈ, F, and FЈ). At E17.5, we observed more CB ϩ cells in the inner tiers of the mutant neocortex than in controls, which is similar to results at E18.5 (Fig. 7I, IЈ, J, and JЈ) .
In addition to the layering defects of CB ϩ cells in the developing neocortex, we also found defects of CB ϩ cell distribution in several regions of the E18.5 subpallium (Fig. 6F and  FЈ) . First, the clusters of CB ϩ cells are known to be abundant in the corticostriatal border at the caudal level ( Fig. 6F and G) (17) ; however, these CB ϩ cell clusters are absent in the Celsr3 mutants ( Fig. 6FЈ and GЈ) . This phenotype is not obvious at the rostral level where even in the controls very few CB ϩ cells could be found (compare Fig. 6B and BЈ with F and FЈ). Second, there is an abnormal cluster of CB ϩ cells in the mutant GP (Fig. 6F, FЈ, H, and HЈ) . To investigate the onset of these two phenotypes, we stained brain sections at E13.5, E15.5, and E17.5 and found that these defects are present at E15.5 and E17.5 but not E13.5 (Fig. 7C, CЈ, D 
, DЈ, G, GЈ, H, HЈ, K, KЈ, L, and LЈ).
Because the CR ϩ and CB ϩ cell phenotypes may be caused by the alteration of cell proliferation in the mutants, we performed a cell proliferation assay by BrdU labeling in vivo. Quantification showed that there are no significant changes of BrdU-labeled cell densities in both subpallium and pallium (data not shown).
Late-born CR ؉ interneurons accumulate in the corticostriatal boundary. Most cortical CR ϩ cells are born between E13.5 and E16.5 (7, 63) . To date the birth of the CR ϩ cells accumulated in the corticostriatal boundary at E18.5, we injected BrdU at E13.5, E15.5, or E16.5 and performed double staining of BrdU with CR on E18.5 brain sections (Fig. 8) and E15.5 (E to H and EЈ to HЈ) telencephala of the Celsr3 mutants were observed. At E13.5, CR expression is low throughout the ventral telencephalic regions except for the lateral olfactory tract (A, AЈ, B, and BЈ). The CR staining patterns in the MZ and SP of mutants and controls (C, CЈ, D, and DЈ) appeared to be the same. In E15.5 subpallium, there are more CR ϩ cells in the mutant striatum and corticostriatal boundary (EЈ and FЈ) than in the control (E and F). Note the missing of CR ϩ fibers in the globus pallidus (circled in F and FЈ) as well as the internal capsule in mutant subpallium (F and FЈ). In E15.5 pallium, there is no obvious difference between controls and mutants except the absence of CR fiber staining in the SP of the mutants (G, GЈ, H, and HЈ). CP, cortical plate; Ctx, cortex; ic, internal capsule; GP, globus pallidus; IZ, intermediate zone; lot, lateral olfactory tract; Str, striatum. Bar, 150 m (C, CЈ, D, and DЈ) and 300 m (all other panels).
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found that many of the CR ϩ cells accumulated at the mutant corticostriatal boundary are colabeled with BrdU injected on E15.5 ( Fig. 8F to J and FЈ to JЈ) and E16.5 (Fig. 8K to O and KЈ to OЈ) but few on E13.5 ( Fig. 8A to E and AЈ to EЈ). Specifically, quantitative analyses revealed that 11%, 18%, and 4% of the accumulated CR ϩ cells are colabeled with BrdU injected on E16.5, E15.5, and E13.5, respectively. These data suggest that the tangential migration of the late-born CR ϩ cells is compromised in the Celsr3 mutants.
Both early-and late-born CB ؉ cells have cortical layering defects within the developing neocortex. Double staining of CB and BrdU, injected at E13.5 (Fig. 9A to D and AЈ to DЈ) or E15.5 ( Fig. 9F to I and FЈ to IЈ) , demonstrated that fewer colabeled cells populate the outer tiers of the mutant neocortex than in controls at E18.5 (Fig. 9) . In contrast, more colabeled cells populate the inner tiers of the mutant neocortex (Fig. 9 ). These differences are statistically significant for both E13.5 ( Fig. 9E ) and E15.5 (Fig. 9J) of the BrdU injection. These results suggested that CB ϩ cells born at both E13.5 and E15.5 are mislocalized in the developing neocortex at E18.5, which is likely due to impaired radical migration of CB ϩ cells. Altered expression pattern of NRG1 in the developing neocortex and of ErbB4 in the corticostriatal boundary in Celsr3 mutants. To gain insight into mechanisms of the Celsr3 functions in interneuron migration, we examined the expression patterns of several genes that are important in regulating interneuron migration (Fig. 10) . We first examined the expression pattern of NRG1, a molecule crucial for both tangential and radial migration of interneuron precursors (13, 36) . The NRG1 proteins are expressed in two adjacent yet distinct bands sandwiching the SP in the control mice at E15.5 (highlighted in the inset of Fig. 10A ), a stage of active radial migration of interneurons in the developing neocortex. However, the NRG1 expression in the SP is much thinner and appears to be fused together in the mutants (Fig. 10AЈ) . To examine whether the total amount of NRG1 proteins is altered in the mutant neocortex, we performed Western blotting using an anti- NRG1 antibody (Fig. 10D ) and found that there is no significant difference between the mutants and controls (Fig. 10E) . We next examined the expression pattern of ErbB4, the receptor of NRG1, in the E15.5 forebrain. ErbB4 mRNA is expressed in migratory interneurons at the SVZ of ventral telencephalon in wild-type forebrain (Fig. 10B ) (13), and its expression pattern is similar in the mutant SVZ (Fig. 10BЈ) . Interestingly, there are more ErbB4 signals at the mutant corticostriatal boundary than controls ( Fig. 10C and CЈ) , suggesting that the accumulated CR ϩ cells may be ErbB4 positive. Unfortunately, the ErbB4 signal in the neocortex is too weak (Fig. 10B and BЈ) (13) to determine whether there is any difference of cortical ErbB4 expression patterns between mutants and controls.
The sorting of striatal and cortical interneurons is regulated by semaphorins (Sema) and their receptor neuropilins (Npn) (29, 44) . To examine whether the semaphorin-neuropilin interaction contributes to the unbalanced distribution of CR ϩ between striatum and cortex in the Celsr3 mutants, we examined the expression patterns of Sema3A and Sema3F and of Npn1 and Npn2 on E15.5 embryos using in situ hybridization. Consistent with previous reports (29, 44) , we observed weak expression of Sema3A and Sema3F in the striatum, prominent expression of Npn1 in the cortical intermediate zone, and of Npn2 in the piriform cortex (Fig. 10F to I ). However, we found no difference in their expression patterns in the mutants (Fig.  10FЈ to IЈ) .
Normal migratory capacity of interneurons from Celsr3 mutants in vitro. To investigate whether the migratory capacity of interneurons is altered without Celsr3, we performed an in vitro migration assay by culturing tissue explants on Matrigel. MGE and CGE explants were cultured in three-dimensional Matrigel matrix for 2 days. The in vitro migratory capacity of MGE and CGE cells was then analyzed (Fig. 11) (32, 56) . Migration from Celsr3 mutant CGE and MGE explants was indistinguishable from controls (Fig. 11A, AЈ, B , and BЈ). Consistent with the qualitative observations, quantitative analysis revealed that there is no significant difference in the migrations of CGE and MGE cells from explants at 2 days in vitro between mutants and controls (Fig. 11C) , suggesting a normal in vitro migratory capacity for Celsr3-deficient MGE and CGE cells.
No differentiation defects of CR ؉ , PV ؉ , and SST ؉ interneuron classes in vitro. The acquisition of cortical interneuron subtypes is a long, mostly postnatal, developmental process (58) . Since the Celsr3 mutant mice die at birth, we cannot investigate the role of Celsr3 in the differentiation of CR ϩ , PV ϩ , and SST ϩ cells in vivo. Therefore, we studied their differentiation in vitro by culturing P0 neocortical neurons for 4 weeks when their neurochemical characteristics resemble those of mature interneurons. We stained cultured neurons with the anti-CR, -PV, -SST, and -GABA antibodies. We found that all three classes of interneurons are present in primary cultures without Celsr3. Moreover, the ratio of CR ϩ , PV ϩ , and SST ϩ cells to GABA-positive cells is similar between mutants and controls, suggesting that interneuron differentiation proceeds normally in vitro without Celsr3 proteins (data not shown).
DISCUSSION
Members of the cadherin family play important roles in neurodevelopment in the vertebrate central nervous system (21, 42, 64) . In the spinal cord, type II cadherins regulate specific segregation of motor neuron pools (37) . Moreover, clustered Pcdh␥ genes are essential for the survival of spinal interneurons (55) . In the hindbrain, disruption of classic cadherins causes the slowdown of the tangential migration of the murine precerebellar neurons both in vitro and in vivo (46) . Here, we provide genetic evidence that the murine Celsr3 gene, a member of the nonclustered Pcdh subfamily, is required for interneuron migration in the developing forebrain. There are three Celsr protocadherin genes in the mammalian genomes (20, 48, 60) . Given their identical genomic organizations (48, 60) and their high sequence similarity to the Drosophila Fmi protein (51), the three mammalian Celsr genes are clearly duplicated from an ancestral Fmi-like gene.
The duplication-degeneration-complementation model of gene evolution posits that duplicated genes are expressed in subdomains of the ancestral expression domain and accomplish discrete subfunctions of the ancestral gene (14) . The Drosophila Fmi is broadly expressed in the epithelium and nervous system and plays multiple roles in tissue morphogen- esis. Consistent with the duplication-degeneration-complementation model of gene duplication, the three vertebrate paralogs Celsr1-3 are expressed in largely complementary patterns in the developing nervous system (15, 38, 48) and appear to accomplish the three Fmi subfunctions of PCP, dendritic maturation, and axonal tract development, respectively (11, 40, 47) . However, our genetic analyses revealed a novel function of Celsr3 in tangential migration of CR ϩ cells from subpallium as well as radial migration of CB ϩ interneuron class within the developing neocortex. In addition, a recent in vitro study demonstrated that Celsr3 suppresses the growth of neurites (39) . Therefore, the mammalian Celsr3 has evolved multiple functions. Finally, mutations of the Pcdh Celsr2 impair facial motor neuron migration in the zebrafish hindbrain (54) . Thus, the vertebrate Pcdh Celsr genes have acquired novel functions in neuronal migration. FIG. 11 . Normal migratory capacity of CGE and MGE cells from Celsr3 mutants in Matrigel. CGE and MGE explants from mutants (AЈ and BЈ) and controls (A and B) were cultured in vitro for 2 days in Matrigel, and the distances of cell migration away from the edge of mutant and control explants were quantified (C). Significance was determined with a two-tailed Student's t test: P ϭ 0.78 for CGE, and P ϭ 0.98 for MGE (n ϭ 8 for mutants and n ϭ 12 for controls). Bar, 500 m.
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Cell migration is a fundamental process in vertebrate embryonic development, tissue morphogenesis, and cerebral cortical lamination (5, 28) . In the developing mammalian forebrain, most cortical interneurons are born in the subpallium and migrate tangentially to populate various cortical regions in the pallium (10, 28, 58) . Disruption of the development and function of diverse interneuron classes contributes to major neuropsychiatric diseases, including autism, schizophrenia, depression, and anxiety disorders (58) . The subpallial MGE produces PV ϩ fast-spiking multipolar interneurons (7, 57, 63) while the CGE generates primarily CR ϩ regular-spiking bipolar or bitufted interneurons (7, 63) . The identity of cortical interneuron subtypes is determined at their birth locations and is not influenced by the microenvironments encountered during migration or at their final laminar positions (7, 32, 59, 63) . Using a novel deletion allele of the Pcdh Celsr3 gene with an eGFP knock-in reporter, we found that Celsr3 is highly expressed in the VZ but is expressed at a lower level in the SVZ of the subpallium (Fig. 1) , consistent with previous in situ data (49) . Given the cell adhesion properties of the Fmi/Celsr proteins (51), Celsr3 may serve as a cell surface marker for certain types of neural progenitor cells, probably interneuron progenitors. The VZ expression of Celsr3 is very similar to that of the transcription factor Mash1 and Gsh2 (9, 50), both of which play an important role in interneuron development. In the developing neocortex, Celsr3 is expressed prominently in MZ, SP, and SVZ (Fig. 1) , which are major zones for tangential migration of cortical interneurons (3, 4, 10, 24, 28, 45, 57) , consistent with a role of Celsr3 in interneuron migration. Finally, Celsr3 is prominently expressed in the GABAergic-inhibitory interneurons in the postnatal and adult brain. In summary, the expression pattern of Celsr3 suggests that it plays a role in interneuron development.
Migratory interneurons have to pass through the critical corticostriatal boundary to enter the developing dorsal neocortex (28, 31) . The underlying mechanism for tangential migration of interneurons from the subpallium, across the crucial corticostriatal boundary, and into the developing neocortex is poorly understood (10, 28, 58) . Here, we report novel defects of tangential migration of CR ϩ cells from the subpallium to the developing neocortex in the Celsr3 homozygous mutants. In contrast to CR ϩ cells from CGE, we find no tangential migration defects of CB ϩ cells from MGE, suggesting that the tangential migration mechanisms for distinct classes of interneurons are different. Many transcription factors have been found to play important roles in the tangential migration of interneurons (28, 58) . However, to our knowledge, Celsr3 is the first cell adhesion molecule found to be required for interneuron migration in the developing forebrain. We have studied the expression patterns of Mash1 and Pax6 proteins in the Celsr3 mutant forebrain and found no differences in comparison to controls (data not shown). Nevertheless, it will be very interesting to determine whether the cell adhesion gene Celsr3 is regulated by these transcription factors.
Several scenarios could explain the observed CR ϩ cell migration defects in the Celsr3 mutants. First, given the important role of secretin receptor-type G-protein-coupled receptors in neuronal differentiation, the property of CR ϩ cells generated from the Celsr3-inactivated CGE could be altered, resulting in the loss of their ability to follow proper guidance cues during migration. In this scenario, Celsr3 has a cell-autonomous function. Second, the migratory microenvironments at the corticostriatal boundary could be altered in the mutant and thus be unable to guide CR ϩ cells for proper tangential migration. In this scenario, Celsr3 has a non-cell-autonomous function. Finally, as cell surface molecules, the Celsr3 proteins could have both cell-autonomous and non-cell-autonomous functions. Given the known homophilic cell adhesion activity of the homologous Fmi proteins (51) , it is tempting to speculate that the disruption of the adhesive interaction between CR ϩ cells and thalamocortical axonal fibers may be the reason for the accumulation of CR ϩ cells at the mutant corticostriatal boundary. The question of whether Celsr3 functions in the CR ϩ cell migration cell-autonomously, non-cell-autonomously, or both, might be resolved by future transplantation experiments.
Interneurons switch from tangential migration to radial migration to incorporate into their final laminar positions after arrival at appropriate neocortical regions (26, 45, 52) ; however, little is known about the molecular mechanisms of interneuron radial migration (4, 17, 22, 33) . The defects of the laminar layering of CB ϩ interneurons in the mutant neocortex suggest a role of Celsr3 in the radial migration of CB ϩ cells in vivo. These layering defects of CB ϩ cells in the Celsr3 mutants are strikingly similar to the radial migration defects of CB ϩ cortical interneurons in mice with deletion of the doublecortin or doublecortin-like kinase genes (17) . It will be interesting to determine whether these microtubule-associated proteins function in the Celsr3 cytoplasmic signaling pathway. The NRG1 and its receptor ErbB4 play an important role in interneuron tangential and radial migration (13, 36) , and their mutations in humans associate with schizophrenia (30) . Consistent with cortical layering defects of CB ϩ cells, the NRG1 expression pattern in the neocortex appears to be disrupted in the Celsr3 mutants (Fig. 10) . Because the NRG1 antibody, which is produced with a synthetic peptide from the EGF-like domain, recognizes only a subset of NRG1 protein isoforms, the actual alteration of NRG1 expression patterns in Celsr3 mutants may be more prominent. In addition, in situ hybridization experiments revealed that the ErbB4-positive cells accumulate in the corticostriatal boundary of Celsr3 mutants compared to controls (Fig. 10) , suggesting altered migration of ErbB4-positive interneurons in the absence of Celsr3. Because both radial and tangential migration of interneurons is compromised when the NRG1/ErbB4 signaling is disrupted (13, 36) , our data are consistent with the idea that cell adhesion protein Celsr3 regulates interneuron migration through NRG1 and ErbB4 signaling.
